A computational method for compressible flows with condensation was developed. Condensation was formulated by two thermodynamic equations of state for pressure and energy. These equations of state were simultaneously solved with the Euler equation and heat transfer equations. A finite volume method based on an approximate Riemann solver was adopted to solve the Euler equation. The computational method was applied to compressible flows in a condenser and a turbine exhaust hood. The flow regime changed widely from subsonic flow to transonic flow during a small decrease of cooling water temperature. Subcooling temperature from the annulus of the turbine blades to the condensate in the hot well was investigated. Results showed the subcooling temperature could be reduced by using an advanced steam guide which was designed to improve diffuser performance under widely changing conditions.
Introduction
A condenser is a heat exchanger which condenses exhausted steam from a LP turbine and produces a vacuum at the turbine exhaust flange. The condenser performance is greatly influenced by the steam flow through the tube nest and pressure loss there decreases the saturated steam temperature. Heat transfer is prevented when non-condensable gas mixed in the steam stagnates in the tube nest. Fluid dynamical approaches have been used to find the tube nest geometry that can reduce these influences.
Experiments using air were done to visualize the streamlines of the flow in the tube nest (1) . Condensation on the cooling tube surface was simulated by pumping in air from holes on the tube surface. Similar experiments were carried out in a shallow-water tank (2) . In these visualization experiments using air or water, modeling of condensation phenomena is difficult. In place of visualization experiments, Shida and Adachi (3) developed a numerical method to compute the steam flow in arbitrary tube nests having various geometries. Condensation was modeled by the empirical formula of the steam flow through the small tube banks. Applying this method, we improved the condenser design (4) . But applicability of this method is limited to the subsonic flow in which the momentum energy is negligible compared with latent heat during condensation. Hart and Singh (5) computed the transonic flow through the exhaust hood and they investigated the diffuser performance and the fraction across the exhaust hood. As an ideal gas assumption was used for simplicity in the method, it is not applicable to the flow with condensation. The compound effect of the condenser and the turbine exhaust hood was still unknown by both these methods. The computation of the flow in the condenser combined with the turbine exhaust hood is required for further improvement of the turbine exhaust vacuum. In this paper, we propose a computational method for compressible flows with condensation. The proposed method is applied to computation of the transonic flow in the condenser and the turbine exhaust hood.
Computational Methods

Equations of state
Condensation is characterized by decreases of both volume and energy. Under an isothermal state of steam (Fig. 1) , the pressure is held constant in the condensation process. On the basis of thermodynamics (6) , the equation of state for pressure requires an equation of state for the internal energy given by
Here, ε is internal energy, p is pressure, and T is temperature. Consequently, the internal energy is determined consistently with the pressure (Fig. 1(b) ). Density in a computational grid is approximated with the averaged density of the mixture of gas and liquid by neglecting distribution of the liquid (Fig. 2 ). This approximation is reasonable for the following reasons. The liquid in the turbine exhaust flow is composed of small droplets that follow the gas flow. A thermal equilibrium is assumed between the liquid and the gas in the computational grid. In the condensation heat transfer process, liquid changed from gas is attached on the surface of the cooling tube. The condensed liquid is assumed to disappear because it separates from the gas flow. 
Euler equation
Two components, steam and non-condensable gas, are assumed. Tube banks are approximated as porous medium with drag and sink. The sink term represents condensation by heat exchange with cooling water. The Euler equation is expressed as follows:
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and G are flux vectors expressed as: 
Here, the pressure of each component is determined as follows. The equation of state for the internal energy is transformed into one for temperature. Density and internal energy are chosen as independent variables of the transformed equation. The transformed equation is used to get the temperature given by the density and the internal energy which are solutions of the Euler equation. The pressure of each component is determined by substituting the temperature and the density into the state equation for pressure. From the temperature given previously, condensation heat transfer is evaluated. It is possible to determine the temperature in the compressible flow with condensation by introducing the state equation for the internal energy determined consistently with one for the pressure.
Finally, M describes the source term. Both condensation by heat exchange and drag of the tube banks are taken into consideration by
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Here, m is condensation by heat exchange per unit volume,
are drag coefficients, and q is absolute velocity.
Condensation heat transfer
Heat transfer between steam and cooling water is determined as following.
) (
Cooling water temperature C T is calculated by integrating heat flux from the inlet. The overall heat transfer coefficient α is evaluated using empirical formulas for condensation in the tube banks as follows. A non-condensable gas layer and a condensate film are taken into account on the cooling tube surface. Steam approaching the cooling tube is transported through the non-condensable gas layer by mass diffusion, and is condensed on the condensate film. The mass diffusion through the non-condensable gas layer is evaluated by Berman's formula (7) . The formula of Fujii et al. (8) is used for calculation of heat transfer through the condensate film. Heat transfer in the cooling tubes is evaluated by the Dittus and Boelter formula (9) .
Spatial differencing
In order to apply the computational method to a complex geometry, an unstructured grid system is adopted. The computational volume is divided into tetra or prism cells. Variables are defined at vertexes of a cell according to a cell vertex scheme (10) . Equation A Riemann problem is assumed so that conserved variables Q take two values on the left and right sides of the surface of the control volume. Flux n F is formulated by Roe's flux difference splitting (11) .
Glaister's formulation (12) is applied to evaluate Q A ∆ . A second order difference scheme i s u s e d f o r h i g h r e s o l u t i o n .
Boundary conditions
At a wall surface, a slip condition is used because an inviscid flow model is assumed. The normal velocity component is zero, and the tangential velocity components are extrapolated from the interior. The pressure is extrapolated by using the normal momentum equation.
At an inflow boundary, the inflow rate and the wetness of steam are fixed to get the heat load on the condenser. The pressure is extrapolated from the interior because the inflow is subsonic. The saturated density at the given pressure is used to calculate the velocity components normal to the inflow boundary under the conditions of the fixed inflow rate and the same stagnation pressure. Non-condensable gas is assumed to be mixed in the inflow steam.
Results and Discussion
Condenser and turbine exhaust hood
Usually, the condenser is arranged below the turbine exhaust hood as shown in Fig. 3 . The turbine exhaust hood contains the annulus of the turbine stages. The steam guide is connected to the annulus of the turbine stages in order to diffuse the exhausted flow. The turbine exhaust hood used in the present study was developed for a 52 inch turbine blade. The super balanced down flow type condenser (13) developed by Hitachi Ltd. is applied in order to decrease both pressure loss and stagnation of non-condensable gas in the tube nest. The tube nest is composed of horizontal cooling tubes with steam condensing on the outside of the tubes. Half the condenser and half the turbine exhaust hood are chosen as a computational domain for symmetry.
Steam introduced in the lateral direction is diffused by a steam guide which decreases its velocity. The lateral flow is turned to the vertical direction and condensed in the tube nest. Finally, the mixture of remaining steam and non-condensable gas is extracted from the center of the tube nest. The Reynolds number, defined by the diameter of the annulus, is approximately 10
6 . An assumption of an inviscid flow is appropriate for the flow with large
Reynolds number. On the other hand, the Reynolds number in the tube nest is approximately 5000. The effect of viscosity is taken into account by the porous media approximation. Fig. 3 Geometry of condenser combined with turbine exhaust hood
Flow distribution
Distribution of Mach number is shown in Fig. 4 . Overall flow is characterized by a supersonic region arising at the root of the steam guide and twin vortexes on the horizontal section below the turbine exhaust hood. The supersonic region is formed as follows. The flow through the annulus of the turbine blades expands in the radial direction because of obstruction by the wall which is located on the opposite side of the annulus. This movement accelerates the flow at the root of the steam guide and the supersonic region is formed. Distribution of pressure on the casing wall is shown in Fig. 5 . The large pressure difference still observed in the condenser affects the condenser performance.
Distribution around the condenser tube nest is shown in Fig. 6 . The perpendicular section is chosen at the middle of the cooling water stream. A low pressure area is produced by the condensation in the tube nest, but its position deviates from the air extraction because of the effect of incoming flow distribution. Non-condensable gas which prevents condensation heat transfer is observed at some distance from the position of air extraction. 
Improvement of subcooling temperature
The data plotted in Fig. 8 demonstrate the effect of the advanced steam guide. This guide is designed using a commercial CFD code (Adapco Star-CD) to model the flow through the guide. The radius of curvature and the radial geometry of the guide are optimized to improve a pressure recovery coefficient under widely changing conditions. Subcooling temperature, defined as the temperature decrease from the annulus of the turbine blades to the condensate in the hot well, is compared at various cooling water temperatures. Temperature at the annulus of the turbine blades is estimated as the total temperature. The condensate temperature is evaluated by an arithmetic average in the horizontal section above the condenser tube nest. Reduction of the subcooling temperature improves the heat rate of the steam turbine system. 
Conclusions
The computational method for compressible flows with condensation was developed. Condensation was formulated by two thermodynamic equations of state for pressure and energy. These equations of state were simultaneously solved with the Euler equation and heat transfer equations. A finite volume method based on an approximate Riemann solver was adopted to solve the Euler equation. The computational method was applied to compressible flows in a condenser and a turbine exhaust hood. The flow regime changed widely from subsonic flow to transonic flow during a small decrease of cooling water temperature. Subcooling temperature from the annulus of the turbine blades to the condensate in the hot well was investigated. Results showed the subcooling temperature could be reduced by using an advanced steam guide which was designed to improve diffuser performance under widely changing conditions. Further improvement of the steam turbine system will be pursued by the presented method.
